Abstract Kinesin molecular motors perform a myriad of intracellular transport functions. While their mechanochemical mechanisms are well understood and well-conserved throughout the superfamily, the cargo-binding and regulatory mechanisms governing the activity of kinesins are highly diverse and, in general, incompletely characterized. Here we present evidence from bioinformatic predictions indicating that most kinesin superfamily members contain significant regions of intrinsically disordered (ID) residues. ID regions can bind to multiple partners with high specificity and are highly labile to post-translational modification and degradation signals. In kinesins, the predicted ID regions are primarily found in areas outside the motor domains, where primary sequences diverge by family, suggesting that the ID may be a critical structural element for determining the functional specificity of individual kinesins. To support this concept, we present a systematic analysis of the kinesin superfamily, family by family, for predicted ID regions. We combine this analysis with a comprehensive review of kinesin-binding partners and post-translational modifications. We find two key trends across the entire kinesin superfamily. First, ID residues tend to be in the tail regions of kinesins, opposite the superfamily-conserved motor domains. Second, predicted ID regions correlate to regions that are known to bind to cargoes and/or undergo posttranslational modifications. We therefore propose that the ID residue is a structural element utilized by the kinesin superfamily in order to impart functional specificity to individual kinesins.
Introduction
The delivery of cellular components to their correct destinations is a complex and evolving puzzle. In a large cell, such as a neuron, it would take a moderately sized protein days to diffuse from one end of the cell to the other-a prohibitively long period of time for most cellular processes. Molecular motors, such as kinesin, dynein, and myosin, provide a mechanism through which cellular components can be delivered in a more timely fashion. These motors increase the efficiency of transport in two ways. First, the motors associate with and travel along polarized cytoskeletal filaments [microtubules (MTs) or actin], thus reducing the three-dimensional random-walk of diffusion-based transport to a one-dimensional problem. Second, these motors hydrolyze ATP and harness that energy to produce directed motion along their respective cytoskeletal substrates, further reducing the potential range of motion to a single direction. Successful transport via this mechanism therefore depends on the temporally and spatially correct association and disassociation between both the motor and its cytoskeletal substrate and the motor and its cargo.
Kinesins, myosins, and dyneins generally consist of three gross domains: the motor, a stalk or lever arm, and a cargo-binding region. In kinesin proteins, these domains are termed the motor or head, stalk, and tail or cargo-binding domain (Fig. 1) . The kinesin motor domain hydrolyzes ATP in order to produce directed motion along the MT substrate with which it also interacts. The structural and biophysical details of this process have been explored in great detail (Sindelar 2011) . The majority of functional kinesins exist in some sort of multimeric form, and these complexes are generally assembled by the formation of coiled-coils in the stalk domains. Lastly, the tail domains contain the majority of the known sites of post-translational modifications (PTMs) and ligand binding.
Kinesins, myosins, and dyneins are all able to accomplish a variety of diverse cellular tasks by interacting specifically with many different ligands in a regulated manner, but these classes of motors differ significantly in terms of the structural and molecular basis for this functional diversity. There are 39 known human myosins, and the non-motor regions of each myosin contain a different combination of small globular domains, which are utilized to interact directly with * * Kif22 DNA (Tokai et al, 1996) CHFR (Maddika et al, 2009) Ubiquitination by CHFR (Maddika et al, 2009) Importin-α (Tahara et al, 2008) Microtubule Thr463 phosphorylated by CDK1 The prediction plots for ID and sites of experimentally determined ligand binding and PTM are aligned with the predicted topology diagrams for a selection of six human kinesins. Regions of known structure, such as the motor or small globular domains, or regions of predicted coiled-coil are designated with colored bars, as indicated. Regions of unknown structure are indicated with a black line. The ID prediction plots from Seeger et al. (2012) are superimposed in blue onto kinesin topology diagrams, such that the midline of the topology diagram lines up with the cutoff value used to predict whether a residue is ordered or disordered. Therefore, residues for which the blue ID prediction plots are at or above the midline of the topology diagrams are predicted to be disordered, and residues for which the blue ID prediction plots are below the midline of the topology diagrams are predicted to be ordered. The experimentally determined ligand-binding and PTM sites, as described in the cited literature, are indicated by the black bars below the topology diagrams and with normal and italic text, respectively. Ligand-binding sites that contain a greater percentage of predicted ID residues than a random segment of the same number of residues from the same molecule are indicated with an asterisk (100/138072.5 % for the entire human kinesin complement), and post-translationally modified residues or sites that contain predicted ID residues are indicated with hash marks (38/42090.5 % for the entire human kinesin complement). Multiple hash marks indicate multiple modified residues. HhH helix-hairpin-helix, SAM sterile alpha motif various cargoes (Sellers 2000; Li and Nebenfuhr 2008; Kerber and Cheney 2011) . In contrast, there are a total of 16 known human dyneins and only two cytoplasmic dyneins. Cytoplasmic dyneins interact with a small handful of adaptor proteins, such as the dynein light and intermediate chains, which in turn bind to various cargoes (Harrison and King 2000; King 2000) . Lastly, there are 43 known human kinesins, and outside of the motor domains and regions predicted to be coiled-coil, the sequences are largely divergent and generally do not contain regions of known structure [ Fig. 1 and Electronic Supplementary Material (ESM) Fig. S1 ]. Therefore, in a manner similar to myosins, the structures of each kinesin superfamily member, particularly in the non-motor domains, are tailored to interact with their specific cargoes (Hirokawa and Noda 2008; Hirokawa et al. 2009 ). Unlike myosins, most kinesin-ligand interactions do not appear to be mediated by regions of the kinesin molecules that have known globular structures, and unlike dyneins, most cargoes interact directly with the kinesin molecules. In this review, we will discuss the structural origins of the kinesin motors' functional diversity. A structural understanding of how ligands bind to kinesin molecules would explain how specific cargoes are able to associate with specific kinesins, and would likely inform how these cargoes are then transported in a regulated manner and released at the proper location and time. Using bioinformatics and biophysical approaches, Seeger et al. (2012) demonstrated that significant portions of the nonmotor domains, particularly in the tails, contain residues that are likely to be intrinsically disordered (ID), and given the prevalence of these residues, these authors suggest that ID may be a functionally important structural element for kinesins. Kinesins bind to and are post-translationally modified by a wide variety of ligands. In this review we survey these interactions for all 43 human kinesins. We show that there is a strong overlap between the regions of kinesin molecules that are known to bind ligands or to be post-translationally modified and regions that have been predicted or experimentally shown to contain ID residues. Therefore, we propose that the structural plasticity provided by ID residues in the non-motor domains facilitates interactions between the kinesin molecule and its ligands, and the regulation of these interactions through post-translational modifications determines, at least in part, the velocity and final destination of cargo delivery.
Kinesin structure
The general structural features the human kinesins are illustrated in Fig. 1 and ESM Fig. S1 . The unifying structural component of the kinesin superfamily is the motor domain, whose overall topology is conserved in each kinesin. There are many atomic resolution structures of various kinesin motor domains available in the Protein Data Bank, and these structures are reminiscent of the GTPase domains of G-proteins (Vale 1996) . The determination of the atomic-resolution structure of the Kif5B motor domain was a critical step in elucidating how kinesin motors work because it provided the basis for subsequent experiments that established the mechanism through which ATP hydrolysis leads to the conformational changes in the motor domain that produce directed motion along the MT (Rice et al. 1999) . We propose that a similar detailed structural study of the kinesin non-motor domains would lead to a better understanding of how kinesin molecules are able to interact with their respective cargos in a regulated manner.
While the structures of the motor domains are known and reasonably well conserved throughout the kinesin superfamily, the structural picture of the stalk and tail domains is less clear. Figure 1 and ESM Fig. S1 illustrate the structural divergence of the kinesin non-motor domains and, in addition, show that the structural details of significant portions of the non-motor domains, and in particular the tails, are unknown. The stalk domains range in length from several hundred to several thousand residues. In general, the stalks contain discrete regions that are predicted to fold into coiled-coils of variable lengths. These predicted coiledcoils are interspersed with small globular domains of known structure for a handful of kinesins, and with regions of unknown structure for the remaining portions of the stalks. Experimental data beyond coiled-coil predictions for the stalk regions are generally lacking in the literature, and the few studies that have been conducted paint a structural picture of the stalk domains that is more complicated than a simple canonical coiled-coil. For example, the Kif3A kinesin forms heterodimers with either Kif3B or Kif3C, and while dimerization occurs via the formation of a coiled-coil, heterodimerization is ensured by the interaction of disordered patches of oppositely charged residues in the stalks of the two monomers (Chana et al. 2002) .
The tail domains are defined here as the regions of the kinesin molecules that immediately follow the final coiledcoil of the stalk domain for C-terminal tails, or the regions that immediately precede the first coiled-coil of the stalk or motor domains for N-terminal tails. The tail domains range in length from tens to hundreds of residues. Figure 1 and ESM Fig. S1 show that the structures of the tail domains are largely unknown, with the exception of the handful of tails that contain small globular domains of known structure. Structural studies of the kinesin tail domains are even rarer than studies of the stalk domains, and therefore an understanding of how the tail domains are able to selectively bind, hold, and release their cargoes and the effects that PTMs have on these processes is similarly lacking. These deficiencies in our understanding of the specific structures of the non-motor domains of the various kinesins not only prevent a complete explanation of how the kinesin holoenzymes work, but obscure the structural and molecular details of the mechanisms through which kinesins control cellular transport and organization.
ID proteins
Intrinsically disordered proteins are broadly defined as proteins or domains that do not fold into stable secondary or higher order structures under normal physiological conditions. Estimates, based on bioinformatics predictors, are that 35-50 % of all eukaryotic proteins contain regions of ≥40 consecutive ID residues (Dunker et al. 2000) and that approximately 66 % of eukaryotic proteins classified as signaling proteins contain stretches of ≥30 ID residues (Iakoucheva et al. 2002; Dunker et al. 2008) . ID proteins may be completely unfolded, mostly unfolded with transient secondary structures, an ensemble of interconverting structures, or something in between. These proteins may be disordered for their entire lifetime, or they may become ordered or change conformation in the presence of a ligand or PTM or other change in the local environment. Several recent reviews describe the current understanding of ID protein structure and function in great detail (Dyson and Wright 2005; Dunker et al. 2008; Tompa 2011) . ID proteins are therefore dynamic structures that are exquisitely sensitive and responsive to their environments.
A variety of applications for ID domains as a structural element have been proposed (Dyson 2011) . Among these uses, ID domains have been shown to provide enhanced binding-specificity and affinity, facilitate PTMs, facilitate the formation of large protein complexes, and provide flexible linkers between protein domains. Also, the ligand binding-sites for many ID proteins contain short segments of residues within larger disordered regions that form the primary interface for ligand binding; such regions are known as molecular recognition features (MoRFs). Many MoRFs have been shown to fold into stable secondary structures upon binding to their respective ligands (Uversky 2011) , and potential MoRFs can be identified by a variety of prediction algorithms Meszaros et al. 2009 ). In this review we propose that ID is a common structural feature of a majority of the known sites that are important for kinesin activity and that many of the biophysical properties attributed to ID proteins may be useful for kinesins to carry out their cellular functions.
ID in the kinesin superfamily
A bioinformatics survey revealed significant regions of predicted ID in all 43 members of the human kinesin superfamily (Fig. 1, ESM Fig. S1 , adapted from Seeger et al. 2012) . In that work, human kinesin sequences were inputs for seven intrinsic disorder prediction algorithms that utilize different datasets, and protein or sequence characteristics indicative of ID or data analysis methods were combined to achieve a consensus as to which residues are most likely to be disordered for each human kinesin isoform. The seven ID prediction algorithms used were GlobPlot (http://globplot.embl.de/; Linding et al. 2003b) Wang and Sauer 2008) , and DRIP-PRED (http:// www.sbc.su.se/∼maccallr/disorder/). Results were converted to a simple binary output of ordered or disordered based on the default cutoff values for disorder prediction for each algorithm, and the number of algorithms predicting that a residue was intrinsically disordered (0-7) was tallied and plotted on a per residue basis for each kinesin sequence. Elements within the motor and stalk domains that were known to be disordered were best identified by a consensus between at least three of the seven predictors. Therefore, in our final analysis, we classified a residue as disordered if at least three of seven predictors identified it as such.
Disordered residues were predicted to be present throughout the motor, stalk, and tail domains, and these residues appeared to concentrate in regions of the kinesin molecules, particularly in the stalks and tails, whose structures were previously unknown. On average for all human kinesins, 18.2 % of the motor domain resides were predicted to be ID, while 29.5 % of the stalk domain residues and 71.8 % of the tail domain residues were predicted to be ID. The median length of disordered segments was nine residues in the motor domain, 14 residues in the stalk domains, and 31 residues in the tail domains, and in general these disordered regions consisted of residues having a net positive or negative charge (Seeger et al. 2012) . The ID residue is therefore a structural element that is predicted to be found in the various domains of every human kinesin molecule, with the non-motor domains, in particular the tail domains, having a significantly greater propensity for ID residues than the motor domains. We will next describe the connection between ligand binding or PTMs and regions of predicted ID in both the kinesin motor and nonmotor domains for each kinesin family.
ID in the kinesin motor domain
The motor domain is the major structural feature common to all kinesin superfamily members. The motor consists of an anti-parallel β-sheet core surrounded on either face by several α-helices, and all of these secondary structural elements are connected by loops of various lengths oriented primarily towards the exterior surface of the motor (ESM Fig. S2A ). Discrete regions of ID were predicted for each kinesin motor, and these regions are localized to the surface-accessible loops of the motor domains (ESM Fig. S2B , adapted from Seeger et al. 2012) . The structures that are most frequently predicted to contain ID residues in the motor domain include the N-terminus, Loop 1, Loop 4/P-loop, Loop 7, Switch I, Loop 10, Switch II, Loop 12, and the neck-linker. Of these elements, Loop 1, Loop 4/P-loop, Switch I, Switch II, and the neck-linker either interact with ATP or the MT directly, or are known to undergo conformational changes concurrent with the binding or release of these ligands (Sindelar 2011) . Therefore, ID structures in the kinesin motor contribute to ligand interactions and conformational changes at, and communication between, the ATP binding-pocket, the MT binding-interface, and the neck-linker, resulting in the production of directed motion along the MT.
Several kinesins contain unique insertions or deletions of disordered residues in their motor domain loops relative to the canonical Kif5B motor, and significant sequence differences among the kinesin motors for which a function has been attributed are described as follows. All kinesin-3 motors, except Kif14, contain a 5-to 12-residue ID Lysrich insert in Loop 12, known as the K-loop, that is important for MT binding ). The kinesin-5 motor contains an eight-residue ID insert in Loop 5 that is involved in regulating the motile properties of the motor (Waitzman et al. 2011) . All kinesin-6 motors contain ID inserts in Loop 1 and Loop 6 that may contribute to the ability of these motors to bind and bundle MTs (Hizlan et al. 2006 ). Kif22 contains an ID insert in Loop 1 of 35 residues that is rich in Ala and positive amino acids, and this loop is bound and ubiquitinated by a check-point protein with FHA and RING domains (CHFR) (Maddika et al. 2009 ). All kinesin-11 motors contain a one-residue insert in the conserved SSRSH motif of Switch I and a deletion of four residues in Switch II, which likely causes the kinesin-11 motors to be non-motile. Lastly, kinesin-13 motors contain a 13-residue ID insert in Loop 2 that facilitates MT depolymerase activity (Ogawa et al. 2004) . Therefore, ID residues localized to loops in kinesin motors contribute to the unique functions or motile properties of some motors.
All kinesin motor domains bind ATP and MTs, but other ligand interactions are rare. The few ligands that have been shown to bind directly to kinesin motor domains, interact primarily with disordered loops and can be described as follows. The Kif5C motor domain binds casein kinase II (protein kinase CK2), which phosphorylates the disordered neck-linker at Thr338 (Schafer et al. 2009 ). The Kif1Bα and Kif1C motors bind the Kif1 binding protein (KBP) in the vicinity of the disordered K-loop, and KBP facilitates the transport of mitochondria by these motors (Wozniak et al. 2005 ). The Kif20A neck-linker is phosphorylated at Ser528 by polo-like kinase 1 (PLK1), which is necessary for Kif20A to function properly in cytokinesis (Wozniak et al. 2005) . Lastly, the disordered neck and loops in the motor domain of Kif2C contain numerous PTM and protein binding-sites (see kinesin-13 section below). Therefore, ID regions in the motor domain facilitate ligand binding and PTMs in addition to contributing to the structural features that are necessary to produce the unique motile properties of each kinesin motor.
ID in the kinesin non-motor domains

Kinesin-1
There are three human kinesin-1 family members: Kif5A, Kif5B, and Kif5C. Kif5B is ubiquitously expressed while Kif5A and Kif5C are enriched in neurons, and all of these motors are involved in the intracellular transport of a variety of organelles and proteins towards the plus ends of MTs. Kinesin-1 molecules have similar structures (ESM Fig. S1 ). Kinesin-1 motors are homodimers and often, but not always, associate with cargo-binding light chains (KLCs). The motor domain is located at the N-terminus and is followed by a coiled-coil stalk. The stalk coiled-coil contains two breaks of disordered residues known as hinges. Based on our predictions we propose a third hinge region centered on residue 800 (Kif5B numbering). This putative hinge is contained within the light chain binding-site (Diefenbach et al. 1998 ) and may therefore play a role in KLC binding or kinesin function in the absence of KLCs.
The tails of Kif5B and Kif5C are approximately 50 residues long and predicted to be completely disordered, as is the longer Kif5A tail. The disordered kinesin-1 tails interact directly with a variety of protein cargoes ( Fig. 1 and ESM  Fig. S1 and the references therein), including the Kif5B motor (Yonekura et al. 2006 ). The Kif5B tail is able to fold over and form an intramolecular interaction at the interface of the motor dimer due to the flexible hinges in the stalk (Stock et al. 1999) , and this interaction inhibits the ATPase activity of the motors in the absence of bound cargo (Hackney and Stock 2000; Kaan et al. 2011) . Some cargoes bind to all three kinesin-1 proteins, while others only bind to one, and in general it is not known how these cargoes discriminate among the different kinesin-1 family members. An example in which binding specificity has been investigated is the interaction between RanBP2 and the kinesin-1 tails: RanBP2 binds to Kif5B and Kif5C, but not to Kif5A due to a single amino acid difference in the tail binding-sites of Kif5B and Kif5C as compared to Kif5A (Cho et al. 2007 ). Therefore, binding to the Kif5B tail domain, at least with respect to RanBP2, involves interactions with specific tail residues. ID in the tails of the kinesin-1 family members therefore appears to be a structurally compact approach to accommodate the specific binding of a variety of proteins to a relatively short stretch of residues, which is a binding mechanism that has been observed for a variety of other ID proteins (Uversky 2011).
Kinesin-2
There are four human kinesin-2 family members: Kif3A, Kif3B, Kif3C, and Kif17. Kinesin-2 motors are involved in intraflagellar transport and the intracellular transport of a variety of organelles and proteins towards the plus ends of MTs during interphase and mitosis. The motor domain is located at the N-terminus, the stalk domains are of variable lengths and facilitate dimerization via the formation of coiled-coils, and the C-terminal tail domains are of variable lengths and interact with cargo proteins. Kif3A forms hetrodimers with Kif3B or Kif3C and often, but not always, is associated with the cargo-binding kinesin superfamilyassociated protein 3 (KAP3). Kif17 (Kif3X, OSM3) forms a homodimer.
The Kif3A and Kif3B and Kif3C non-motor domains have similar structures (ESM Fig. S1 ). In Kif3A, there is a short disordered region following the first coiled-coil, and this region contains a series of charged residues that interact with complementary charged residues in the same region of Kif3B and Kif3C in order to ensure heterodimerization (Chana et al. 2005) . The disordered tails of the Kif3A-B or A-C hetrodimers bind KAP3, which in turn functions as an adaptor protein for other protein-protein interactions (Yamazaki et al. 1996) . The Kif3A, 3B, and 3C disordered tails can also bind a variety of other protein ligands (ESM Fig. S1 and the references therein). Therefore, similar to the kinesin-1 family proteins, the Kif3A, 3B, and 3C motors can bind cargoes either directly through their disordered tail domains or through a common adaptor protein (KAP3).
The structures of the Kif17 non-motor domains are significantly different from those of the other kinesin-2 proteins (ESM Fig. S1 ). Kif17 can fold in such a way that its disordered tail interacts with the motor domain to prevent it from binding to MTs, and the coiled-coil domain adjacent to the tail interacts with the motor such that it inhibits processive motility (Hammond et al. 2010 ). This auto-inhibited conformation is similar-but not identical-to that observed for Kif5B (Stock et al. 1999) , and it is not known if the other kinesin-2 family members also utilize a similar mechanism for auto-inhibition. The disordered regions in the stalk of Kif17 are likely similar in function to the disordered hinge regions in the Kif5B stalk, in that they may impart the structural flexibility that is necessary for the Kif17 molecule to fold into its compact auto-inhibited conformation. The disordered regions of the Kif17 stalk and tail domains bind a variety of protein ligands (ESM Fig. S1 and the references therein), including neuronal munc18-1-interacting protein 1 (MINT1). Interestingly, the binding of MINT1 is disrupted by the phosphorylation of Kif17 Ser1019 by calcium/calmodulin-dependent (CaM) kinase II, which also binds to the Kif17 tail (Guillaud et al. 2008 ).
Kinesin-3
There are eight human kinesin-3 family members: Kif1A, Kif1Bα, Kif1Bβ, Kif1C, Kif13A, Kif13B, Kif16B, and Kif14. Kinesin-3 motors are involved in a variety of cellular functions and consequently have a diverse set of structural features (ESM Fig. S1 ). Kinesin-3 motors are homodimers and transport cargoes towards the plus ends of MTs. The motor domains are located at the N-terminus, except for Kif14 which has a 350-residue disordered tail N-terminal in its motor domain. The stalks of all kinesin-3 proteins contain a FHA (forkhead-associated) domain. FHA domains are globular domains that recognize and bind to phosphoThr/Ser proteins. Based on primary sequence similarities, the kinesin-3 family can be subdivided into five subfamilies consisting of Kif1A and Kif1Bβ, Kif1Bα and Kif1C, Kif13A and Kif13B, Kif16B, and Kif14.
Kif1A (UNC-104) is a neuron-specific motor and is involved in synaptic vesicle transport. Kif1Bβ has a similar sequence and structure to Kif1A, and therefore it likely has a similar cellular function. In the absence of cargo proteins, the Kif1A motor folds into an auto-inhibited conformation such that the FHA domain and the second coiled-coil domain block the motor domain from binding to MTs, and the first coiledcoil domain inhibits processive motility (Hammond et al. 2009 ). The disordered tails of Kif1A and 1Bβ have been shown to bind to a variety of protein ligands (ESM Fig. S1 and the references therein). The extreme C-termini of Kif1A and Kif1Bβ contain a PH (pleckstrin-homology) domain. PH domains are globular domains that recognize and bind to the headgroup phosphates of phosphoionositides. The PH domain of Kif1A binds to phosphatidylinositol (4,5) bisphosphate (PIP 2 )-containing vesicles (Klopfenstein et al. 2002) . When recombinant ID proteins are expressed and used in in vitro experiments, they are often susceptible to degradation by proteases and, interestingly, Kif1A is degraded via the ubiquitin pathway in the absence of a specific cargo bound to its disordered tail domain (Kumar et al. 2010) , suggesting that its tail domain may be involved in determining the turnover rate of Kif1A proteins.
Kif1Bα is neuron specific and is involved in mitochondria transport. Kif1C, which transports synaptic and Golgi vesicles, has a similar sequence and structure to Kif1Bα (ESM Fig. S1 ). The disordered tails of Kif1Bα and 1C bind to a variety of protein ligands (ESM Fig. S1 and the references therein). The disordered tail of Kif1C also binds to several isoforms of the 14-3-3 protein, and this interaction is dependent on the phosphorylation of Kif1C Ser1092 by protein kinase CK2 (Dorner et al. 1999) .
Kif13A is involved in organelle and protein transport, particularly during cytokinesis. Kif13B (GAKIN) is involved in organelle and protein transport and cytoskeleton reorganization, and is structurally similar to Kif13A, with the exception that its disordered tail contains a CAP-Gly (cytoskeleton associated protein Gly-rich) domain (ESM Fig. S1 ). CAP-Gly domains are globular β-barrel structures that recognize and bind to cytoskeleton proteins such as MTs. In the absence of bound cargo proteins, the Kif13B motor assumes an auto-inhibited conformation such that the coiled-coil/disordered region between residues 600 and 1,000 binds to both the motor and tail domains, and the auto-inhibition is relieved by the binding of human discs large protein (hDlp) to this same region (Asaba et al. 2003; Yamada et al. 2007 ). These results suggest that Kif13B may employ a unique auto-inhibition mechanism, where both the motor and tail domains are simultaneously blocked from interacting with their respective ligands. The Kif13B tail also binds Par1b, which phosphorylates Kif13B at Ser1381 and Ser1410, which in turn favors the formation of the Kif13B auto-inhibited conformation (Yoshimura et al. 2010) .
Kif16B is involved in endosome and protein transport. The disordered tail of Kif16B contains a PX domain (phox homology) (ESM Fig. S1 ). PX domains are globular domains that recognize and bind to phosphoionositides, particularly PIP 3 . The Kif16B PX domain has been shown to interact with various protein and lipid cargoes (ESM Fig.  S1 and the references therein). Kif14 is involved in protein transport, particularly during cytokinesis. Kif14 has both Nterminal and C-terminal disordered tails (ESM Fig. S1 ). The N-terminal tail binds protein-regulating cytokinesis 1 (PRC1), and the C-terminal tail binds citron kinase (Gruneberg et al. 2006) . Interestingly, the Kif14 N-terminal and C-terminal disordered tails have different cargo-binding specificities.
Kinesin-4
There are six human kinesin-4 family members: Kif4A, Kif4B, Kif7, Kif27, Kif21A, and Kif21B. Kinesin-4 motors are involved in a variety of cellular functions and consequently have a diverse set of structural features (ESM Fig.  S1 ). Kinesin-4 motors are homodimers and transport cargoes towards the plus ends of MTs. Kinesin-4 proteins contain a kinesin motor domain at the N-terminus, which is followed by a coiled-coil stalk domain and subsequently by an ID tail domain. Based on primary sequence similarities, the kinesin-4 family can be divided into three subfamilies consisting of Kif4A and Kif4B, Kif7 and Kif27, and Kif21A and Kif21B.
Kif4A and Kif4B have similar sequences and structural features (ESM Fig. S1 ) and are involved in protein and chromosome transport, particularly during mitosis. Kif4A is located in the nucleus during mitosis, and its disordered tail interacts directly with chromatin to facilitate chromosome condensation and segregation (Mazumdar et al. 2004) . Its stalk contains a zip/basic/Leu zip (ZBZ) motif within residues 742-856, and its tail contains a Cys-rich motif within residues 954-1,232; both domains are necessary for chromatin binding (Wu and Chen 2008) . The disordered Kif4A tail also interacts with a variety of protein ligands (ESM Fig. S1 and the references therein).
Kif7 and Kif27 have similar sequences and structural features (ESM Fig. S1 ) and are involved in protein transport, particularly during development and cilliogenesis. During development in primary cilia, a disordered region of the Kif7 stalk interacts with Gli1, Gli2, or Gli 3, which are elements of the hedgehog (Hh) signaling pathway, and the disordered tail of Kif27 interacts with Gli3 only (Cheung et al. 2009 ). The primary sequences of Kif7 and Kif27 are very similar except for the disordered regions in the stalk around residues 550-700 and in the tails, suggesting that the ID residues in these regions may be responsible for the differential binding of the Gli proteins to these two proteins.
Kif21A is involved in the transport of neuronal cargoes, and Kif21B is involved in the transport of mitochondria and lysosomes; both proteins have similar sequences and structural features (ESM Fig. S1 ). Their tails contain seven globular WD-40 repeat domains, which have conserved Trp (W) and Asp (D) residues. WD-40 repeat domains fold into a β-propeller structure with seven blades corresponding to each of the WD-40 repeats, and this structure binds to proteins that have been post-translationally modified.
Kinesin-5
There is one human kinesin-5 family member: Kif11 (Eg5). Kif11 is a plus-end directed motor and plays a critical role during mitosis by facilitating the sliding of anti-parallel MTs in the mitotic spindle. The Kif11 motor is located at the N-terminal end of the protein (Fig. 1,  ESM Fig. S1 ). Kif11 forms homotetramers via its coiledcoil stalk domain, with a pair of motor domains at either end of the complex. Following the tetrameric stalk domain is the BimC Box, which is a conserved region containing a cyclin-dependent kinase 1 (Cdk1) consensus phosphorylation site at Thr926; the BimC Box has been shown to be critical for Kif11 localization to the mitotic spindle (Blangy et al. 1995) . Following the stalk is the disordered tail. A subset of Kif11 motors are located primarily at the spindle pole and are phosphorylated in the tail at Ser1033 by Nek6 (Rapley et al. 2008) . The tail can also bind MTs (Weinger et al. 2011 ).
Kinesin-6
There are three human kinesin-6 family members: Kif20A, Kif20B, and Kif23. Kinsin-6 family members are plus-end directed motors that transport components necessary for mitosis and bundle and slide MTs. Kinesin-6 motors form homodimers. Kinesin-6 proteins contain a N-terminal motor domain, followed by coiled-coil stalk domains of variable lengths, and then by disordered tail domains of variable lengths (ESM Fig. S1 ).
The disordered tails of kinesin-6 proteins interact with a variety of ligands and are post-translationally modified by a various kinases (ESM Fig. S1 and the references therein). The Kif20A (MKlp2, RB6K) disordered tail interacts with PLK1 and elements of the chromosome passenger complex (CPC), and PLK1 phosphorylates Kif20A at Ser528 (Neef et al. 2003) . Phosphorylation by PLK1 is negatively regulated by Mad2 binding to the tail (Lee et al. 2010) . Kif20B (MPP1, KRMP1) bundles MTs and is critical for progression through late cytokinesis (Abaza et al. 2003) . Kif23 (MKlp1, CHO-1) contains nuclear localization signals in its disordered tail, and consequently it is segregated to the nucleus during interphase (Liu and Erikson 2007) . The Kif23 neck-linker and stalk interact with Rac GTPaseactivating protein 1 (RacGAP1) in a complex known as centralspindlin, which is required for midzone assembly (Mishima et al. 2002) . The Kif23 tail is phosphorylated at Ser904 and Ser905 by PLK1 (Lee et al. 1995) , phosphorylated at Ser708 by aurora B kinase (Guse et al. 2005) , and interacts with inner centromere protein (INCENP) as part of the CPC (Zhu et al. 2005) . Lastly, the Kif23 tail interacts directly with components of the actin cytoskeleton, including Arf (Boman et al. 1999 ) and F-actin (Kuriyama et al. 2002 ).
Kinesin-7
There is one member of the human kinesin-7 family: Kif10 (CENP-E). Kif10 is a plus-end directed motor and plays a critical role during mitosis through its involvement in the initial attachment of the kinetochore to the spindle, alignment of the chromosomes during metaphase, and passage through the spindle checkpoint. The Kif10 protein forms a homodimer. Kif10 has a N-terminal motor domain followed by a long coiled-coil stalk domain of approximately 2,000 residues containing several breaks of approximately 10-100 disordered residues each (Fig. 1, ESM Fig. S1 ). The disordered break centered at residue 400 contains a phosphorylation site for aurora A and B kinases at Thr422, which reduces the affinity of Kif10 for spindle MTs, and a binding-site for protein phosphatase 1 (PP1), which dephosphorylates Thr422 (Kim et al. 2010) . The coiled-coil/disordered region between residues 2,100-2,500 is responsible for the association with the kinetochore through binding to centromere-associated protein F (CENP-F), hBUBR1 (Chan et al. 1998) , and NUF2 ). NUF2 hBUBR1 and the Kif10 tail are all modified by the covalent attachment of small ubiquitin-related modifiers (SUMO), and the Kif10 tail also contains a binding-motif for SUMO2 and SUMO3 (Zhang et al. 2008b ). The coiled-coil/disordered region from residue 2,100 to the C-terminus contains the binding-sites for a variety of protein ligands ( Fig. 1 and  ESM Fig. S1 and the references therein) . The tail binds MTs (Liao et al. 1994) , and this binding is inhibited by phosphorylation at Ser2567, Ser2570, Ser2601, and Ser2616 by extracellular signal-regulated kinase 2 (ERK2) (Zecevic et al. 1998) or CDK1 (Liao et al. 1994) . Kif10 can also fold into an auto-inhibited conformation such that its tail interacts with the motor domain and inhibits its ATPase activity; this inhibition is relieved by phosphorylation of the tail by CDK1 or monopolar spindle protein 1 (MPS1) (Espeut et al. 2008) . The extreme C-terminus of Kif10 is farnesylated at Cys2698 by farnesyl transferase, and this modification promotes the association of the tail with MTs (Ashar et al. 2000 ).
Kinesin-8
There are three human kinesin-8 family members: Kif18A, Kif18B, and Kif19. Kinesin-8 family members are plus-end directed motors that are involved in regulating MT dynamics and transporting components necessary for mitosis and the control of chromosome movement. Kinesin-8 motors form homodimers and contain a N-terminal motor domain, followed by a relatively short coiled-coil stalk and subsequently by a longer disordered tail (ESM Fig. S1 ).
Kif18A (MS-Kif18A) regulates the length of kinetochore MTs through interactions between the tail domain and the MT plus end (Weaver et al. 2011) . The disordered tail of Kif18A also interacts with the Kif10-hBUBR1 complex during mitosis (Huang et al. 2009 ) and with the estrogen receptor alpha (ERα) (Zusev and Benayahu 2009 ). Kif18B organizes astral MTs during mitosis through its interaction with end-binding protein 1 (EB1) ). Kif18B also associates directly with Kif2C to promote MT depolymerization (Tanenbaum et al. 2011) . Interestingly, both Kif18A and Kif18B have been shown to interact with protein complexes that contain other kinesin motors.
Kinesin-9
There are two human kinesin-9 family members: Kif6 and Kif9. Kinsin-9 family members are plus-end directed motors, and they have been implicated in the transport of proteins involved in mRNA trafficking and the regulation of cellular motility and morphology. Kinesin-9 motors form homodimers and contain a N-terminal motor domain, followed by a coiled-coil stalk domain and then by a disordered tail domain (ESM Fig. S1 ). The disordered tail of Kif9 interacts with several protein ligands (ESM Fig. S1 and references therein).
Kinesin-10
There is one human kinesin-10 motor: Kif22 (Kid). Kif22 is a plus-end directed chromokinesin and is critical for mitosis, specifically chromosome alignment, the production of polar ejection forces on chromosome arms, and chromosome compaction. Kif22 functions as a monomer under physiological conditions. Kif22 contains a N-terminal motor domain, followed by a short coiled-coil region, followed by a disordered tail domain that contains two helix-hairpin-helix (HhH) domains ( Fig. 1 and ESM Fig. S1 ). HhH domains bind DNA in a sequence-independent manner, and Kif22 interacts directly with chromosomes via these domains (Tokai et al. 1996) . The disordered region N-terminal to the stalk coiled-coil binds to MTs , and this binding is inhibited by phosphorylation at Thr463 by CDK1 The ID regions on either side of the coiled-coil also contain nuclear localization signals, either one of which is sufficient to bind to importin-α (Tahara et al. 2008 ).
Kinesin-11
There are two human kinesin-11 family members: Kif26A and Kif26B. Kinesin-11 family members are non-motile motors since they cannot hydrolyze ATP, and they have been implicated in various signal transduction networks, particularly during development. Kinesin-11 proteins contain long disordered domains at their N-and C-termini interspersed with short regions of coiled-coil, and the motor domain is located in the middle of the molecules (ESM Fig. S1 ). The Kif26A C-terminal disordered region interacts with growth factor receptor-bound protein 2 (GRB2) (Zhou et al. 2009) , and the Kif26B C-terminal disordered region interacts with non-muscle myosin heavy chain IIb (Uchiyama et al. 2010 ).
Kinesin-12
There are two human kinesin-12 family members: Kif12 and Kif15. Kinesin-12 family members are plus-end directed motors, and they have been implicated in the transport of proteins involved in mitosis. Kinesin-12 motors form homodimers, and they contain a N-terminal motor domain, followed by a short coiled-coil stalk in Kif12 and then by a long coiled-coil stalk domain in Kif15 ( ESM Fig. S1 ). Kif15 (Hklp2) is involved in the formation of the mitotic spindle through the interaction of its stalk with Ki-67 antigen (Sueishi et al. 2000) and in the targeting of protein for Xklp2 (TPX2) (Tanenbaum et al. 2009 ).
Kinesin-13
There are four human kinesin-13 family members: Kif2A, Kif2B, Kif2C, and Kif24. Kinesin-13 family members are targeted to the plus ends of MTs and play a critical role in MT remodeling through their MT depolymerase activity. Kif2A, Kif2B, and Kif2C are active during mitosis at the mitotic spindle, and Kif24 is active during interphase at the centrosome. Kinesin-13 motors form homodimers, and the motor domains are located in the middle of the molecules, with disordered/coiled-coil regions at both ends of the motors ( Fig. 1 and ESM Fig. S1 ). The neck-linker, known as the neck in kinesin-13 proteins, is located at the N-terminal end of the motor domain.
The Kif2A, Kif2B, and Kif2C (MCAK) motors have similar structures (ESM Fig. S1 ). Kif2C diffuses along the MT, in a neck-dependent manner, and upon reaching the MT plus end, begins to depolymerize the MT in the minus direction in an ATP-dependent manner (Helenius et al. 2006 ). The C-terminal tail of Kif2C can interact with the N-terminal disordered region and the neck to auto-inhibit its MT depolymerase activity (Ems-McClung et al. 2007 ). Auto-inhibition is relieved by PLK1 phosphorylation of the C-terminal domain at several sites (Zhang et al. 2011) . Phosphorylation by CDK1 at Thr535 (located in Loop 12 of the motor domain), by Aurora A at Ser192 (located in the neck) and Ser715, or by Aurora B at Ser192 and several sites in the disordered N-terminal region all inhibit the MT depolymerase activity of Kif2C (Lan et al. 2004; Zhang et al. 2008a; Sanhaji et al. 2010) . The disordered N-terminal domain and the disordered/coiled-coil C-terminal domains bind the MT plus-end tracking protein TIP150 , and the disordered N-terminal domain binds EB1 and EB3 (Lee et al. 2008) . Phosphorylation of this binding-site by Aurora B blocks EB1 and EB3 binding (Honnappa et al. 2009 ). The disordered N-terminal domain of Kif24 contains a sterile alpha motif (SAM) domain. SAM domains are involved in forming homo-and hetro-multimers. Kif24 has MT depolymerase activity and specifically remodels centriolar MTs. The motor domain localizes Kif24 to the centrosome, and the C-terminal disordered domain interacts with the centrosome-associated proteins Cep97 and CP110 (Kobayashi et al. 2011 ).
Kinesin-14
There are three human kinesin-14 family members: KifC1, KifC2, and KifC3. Kinesin-14 motors are involved in a variety of cellular processes and form homodimers. The motor is located at the N-terminal end in kinesin-14 molecules, and the neck-linker is located at the N-terminal end of the motor (Fig. 1, ESM Fig. S1 ); consequently kinesin-14 motors move towards the minus end of MTs. KifC1 (HSET) is active during mitosis and crosslinks and slides MTs. The disordered N-terminal tail of KifC1 binds MTs and importin-β ). KifC2 is neuronal specific and transports various vesicle cargoes. KifC3 is involved in vesicle transport, and its disordered N-terminal tail binds MTs (Fink et al. 2009 ).
Kinesin ligand-binding and PTM sites have a greater than average propensity for ID residues An examination of the published literature on kinesin ligand interactions and PTMs, summarized in the previous sections and in Fig. 1 and ESM Fig. S1 , identified a total of 138 ligand interactions and 42 PTMs for human kinesins. The overwhelming majority (96.1 %) of these ligand interactions and PTMs are localized to the non-motor domains of kinesins ( Fig. 1 and ESM Fig. S1 ). We therefore wished to determine if there was an actual correlation between the location of predicted ID residues and ligand binding-sites in kinesin molecules. It should be noted that the ligand binding and PTM sites described in Fig. 1 and ESM Fig.  S1 in the previous sections are not necessarily the functionally minimal sites, but rather they are the experimentally determined sites as defined in the literature. In order to examine the relationship between ID and ligand binding, we first created a sliding window with the length of a known ligand binding-site and then determined the percentage of predicted ID residues within that window using the ID prediction data presented in Fig. 1 and ESM Fig. S1 . The window was then placed at each consecutive residue in the kinesin sequence, and the percentages of predicted ID residues were calculated and compared to the percentage of predicted ID residues in the actual ligand binding-site. This analysis was then repeated for each of the 138 individual kinesin ligand interactions identified from the literature. Using this method, we determined that 72.5 % (100/138) of the ligand binding-sites had a ≥50 % probability of containing more ID residues relative to a random sequence of the same length selected from the entire kinesin molecule. Therefore, the majority of kinesin ligand binding-sites are more likely to contain ID residues than the rest of the kinesin molecule. In addition, 90.5 % (38 out of 42) of the kinesin PTM sites identified in the literature are themselves or contain ID residues. Areas in the stalk and tail domains that are predicted to be ID therefore appear to be hotspots for ligand binding and PTMs.
Interactions between ID regions and ligands are sometimes facilitated by MoRFs, which are regions of disordered residues that fold into a relatively stable structure upon binding to a ligand (Uversky 2011) . It is hypothesized that although this mode of binding has a high entropic penalty resulting from the disorder to order transition of the ID protein, the binding reaction is overall energetically favorable due to the numerous contacts that are formed between the disordered protein and its ligand substrate, which yield an enthalpy of binding that is favorable enough to compensate for the unfavorable entropy. This enthalpy-driven MoRF binding can therefore be utilized for highspecificity binding reactions. Potential MoRFs can be identified by a variety of prediction algorithms, and we examined the human kinesins for MoRFs with the ANCHOR predictor Meszaros et al. 2009 ). Most of the ligand binding-sites that contain predicted ID residues also contain predicted MoRFs (data not shown). These predicted MoRFs are therefore likely to be the minimal sites that are necessary for binding and provide further evidence for the correlation between ID and ligand binding in the kinesin superfamily.
Difficulties studying kinesin binding-partners/ post-translational modifications
We found that there is a high correlation between regions predicted to contain ID residues and the sites of ligand binding or PTM in the kinesin superfamily. Most of the standard in vitro assays available for detecting binding (pull-downs, surface plasmon resonance, fluorescence anisotropy, isothermal titration calorimetry, etc.) or PTMs (in vitro labeling experiments, western blots, mass spectrometry, etc.) require the production and purification of protein substrates. Recombinant ID proteins are notoriously difficult to work with. They often express poorly in bacteria, are insoluble or form aggregates, are highly sensitive to buffer conditions, and are susceptible to proteolytic degradation. These are all technical problems that complicate or prohibit what are often already difficult assays. In addition, binding reactions that involve ID proteins or domains are sometimes transient or low affinity, falling below the detection threshold for many assays. Given all of the difficulties that are associated with experiments involving ID proteins, it is remarkable that so many of the interactions that involve various predicted ID regions of kinesins have been detected, but it is likely that there are many more that have not been found or have been overlooked.
The way a protein behaves in an in vitro experiment is not necessarily the way it functions in vivo, which is a general problem for studies of protein biology, but particularly so when the proteins being examined are ID or contain ID domains. ID proteins, in general, are very sensitive to their environments, and there is considerable concern that the structural properties observed in the relatively dilute conditions of an in vitro experiment do not reflect the crowded conditions inside a cell. An example of this problem is the well-known ID protein, α-synuclein. α-Synuclein was believed to exist as a natively unfolded protein in its apo state and that it would then fold into an α-helical structure upon binding to its lipid substrate. A recent study in which α-synuclein was carefully purified from mammalian cells under non-denaturing conditions-rather than expressed and purified from bacterial lysates-showed that α-synuclein actually exists as a folded α-helical tetramer in both its apo and lipid-bound states (Bartels et al. 2011) . Based on these and other results, protein preparation and handling protocols appear to have a significant effect on the outcomes of experiments involving at least some ID proteins. Therefore, it is essential that when an interaction with or PTM of an ID protein is identified by an in vitro method or a broad screening assay, such as the yeast-two-hybrid assay, the result should be confirmed by an in vivo method, wherever possible, in order to ensure that the experimental parameters are not unduly influencing the outcome.
Potential purposes of ID in the kinesin superfamily
We propose four general purposes for ID in kinesin molecules, namely, to facilitate (1) motility, (2) structural flexibility, (3) PTMs, and (4) protein-ligand interactions. These proposed applications of ID in kinesin molecules are illustrated in Fig. 2. Disordered loops on the surface of the motor domain play critical roles in creating the structural changes necessary for motility. These loops sense the ATP nucleotide and the MT and communicate changes in the ligand states at these sites to the disordered neck-linker. All of these disordered structures are finely tuned and coordinated to produce the specific motile and specialized properties required for the particular cellular functions of a given kinesin motor (i.e., speed, processivity, stall force, MT depolymerization, or bundling activity, etc.). The fine tuning of these structural elements was illustrated in a study where the length and amino acid composition of the disordered neck-linker was shown to have a direct effect on the speed and processivity of several different kinesin motors, suggesting that ID elements in the motor domains impart both ligand specificity and functional specificity to the conserved structured core of the motors (Shastry and Hancock 2010) .
Disordered regions also provide structural flexibility, which is particularly important in the kinesin stalk domains. Structural flexibility is necessary for Kif5B, Kif17, Kif1A, Kif13B, Kif10, and Kif2C to fold into their auto-regulated compact conformations, as has already been discussed in previous sections. Structural flexibility in the stalk domain would also enable the Kif5B tail to remain in close proximity to the motor domains while actively moving along MTs, as has been observed by in vivo FRET measurements .
Kinesins are substrates for a variety of PTMs, including phosphorylation, farneslyation, SUMOylation, and ubiquitination, and most of these modifications take place in regions of predicted ID ( Fig. 1 and ESM Fig. S1 and the citations therein). PTMs to ID regions may be functionally advantageous since the disordered region could accommodate and bind the enzyme responsible for catalyzing the PTM, and the PTM may produce a conformational change in the disordered region that is necessary for facilitating or inhibiting the binding of a ligand. PTMs to ID regions may also play a role in controlling the turnover rate and/or subcellular location of kinesin proteins. PTMs to the disordered tails of several kinesins have been shown to play a direct role in regulating cargo association/disassociation and entry/ exit from the auto-regulated conformation for several kinesins, examples of which were highlighted in the previous sections. Therefore, in the kinesin superfamily, PTMs appear to be important for the regulation of kinesin motor activity and interactions with cargoes.
Kinesins interact with a variety of ligands, including proteins, nucleic acids, and lipids, and we demonstrated that the majority of these ligands bind to regions of predicted ID in the kinesin molecules ( Fig. 1 and ESM Fig. S1 and the references therein). We suggest that many of these bindingsites may contain MoRFs, which may contribute to the specificity and affinity of some of these interactions. There Fig. 2 Purposes of ID in the kinesin superfamily. A generic kinesin molecule is drawn with the motor domains in blue, the coiled-coil stalks in green, and disordered loops or domains of the motor, stalk, and tail in purple. The proposed applications of ID in kinesin molecules are illustrated. These uses include facilitating the microtubules and ATP and neck-linker interactions necessary for motility, providing the structural flexibility and intramolecular interactions the enable the formation of auto-regulated conformations, facilitating cargo binding with or without coordinated folding of the ID binding-site, and accommodating PTMs are very few ligands that have been identified that bind to regions of kinesin molecule known or predicted to be structured, with the exception of the handful of kinesins that contain globular ligand-binding motifs. We therefore conclude that ID is a structurally compact solution utilized by various kinesins, particularly the kinesin-1, 2, 4, and 7 families, to bind a variety of ligands with high specificity and tight regulation in order to carry out their unique cellular tasks.
ID may also play a role in determining the efficiency with which cargoes are transported. It has been shown that the kinesin molecule can be modeled as a molecular spring connecting a cargo and the MT, and the spring-like nature of this interaction is evident from the significant motion of the kinesin-cargo complex in the direction perpendicular to its trajectory along the MT observed in a single-particle in vitro motility assay (Bruno et al. 2011) . Perhaps the structural flexibility that allows for this perpendicular motion produces a sort of mechanical damper between the motor and the cargo so that sudden changes in the velocities of either are absorbed by the "spring" rather than resulting in a disassociation of the motor-cargo or motor-MT linkages. The stiffness of the motor-cargo linkage has also been shown to contribute to the efficiency with which the activity of a given motor is coordinated with other motors attached to the same cargo, and thus with the overall efficiency with which the cargo is transported Driver et al. 2010) . Perhaps the length and the percentage of ID establishes, at least in part, the stiffness of the stalk domain, which in turn helps determine the efficiency with which cargoes are transported. This suggests a possible new level of regulation for kinesin molecules in which the stiffness of the non-motor domains could be varied through the binding of other proteins or PTMs to non-motor ID regions, which could, in turn, modulate the motile properties of the motor. In conclusion, it is clear that, in general, ID is a structural element that is critical for the proper functioning of human kinesins, but the exact roles of specific ID regions in these molecular motors remain to be experimentally determined.
